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Thermally Distinct Ejecta Blankets From Martian Craters 
BRUCE H. BETrS AND BRUCE C. MURRAY 
Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena 
Utilizing the Termoskan data set of the Phobos '88 mission we have recognized a new feature on Mars: ejecta 
blanket distinct in the thermal infrared (EDITH). Virtually all of the more than 100 features discovered in the 
Termoskan data are located on the plains near Valles Marineris. EDITHs have a startlingly clear dependence upon 
terrains of Hesperian age, implying a spatial or temporal dependence on Hesperian terrains. Almost no thermally 
distinct ejecta blankets are associated with any of the thousands of craters within the data set that occur on the older 
Noachian units. EDITHs also do not appear on the portions of the younger Tharsis Amazonian units seen in the 
data. The Hesperian terrain dependence cannot be explained by either atmospheric or impactor variations; 
Noachian and Hesperian terrains must have experienced identical atmospheric and impactor conditions during 
Hesperian times. Thermally distinct ejecta blankets therefore reflect target material differences and/or secondary 
modification processes. Not all lobate ejecta blankets are thermally distinct, but all EDITHs correlated with visibly 
discernible jecta blankets are associated with lobate ejecta blankets. The boundaries of the thermally distinct areas 
usually follow closely the termini of the fluidized lobate ejecta blankets, even when the ejecta blankets show a high 
degree of sinuosity. Thus, the thermally distinct nature of EDITHs must be due to the primary ejecta formation 
process. The coupling of these thermal anomalies to morphology is unlike most sharp Martian inertia variations 
which are decoupled from observed surface morphology. Some thermally distinct ejecta blankets occur near 
otherwise similar craters that do not have thermally distinct ejecta blankets. Thus, wind patterns or locally 
available aeolian material cannot provide a single overall explanation for the observed variations. We compiled a 
data base of 110 EDITH and non-EDITH craters ranging in diameter from 4.2 km to 90.6 km. There are almost no 
correlations within the data base other than occurrence on Hesperian terrains. We postulate that most of the 
observed EDITHs are due to excavation of thermally distinctive Noachian age material from beneath a relatively 
thin layer of younger, more consolidated Hesperian volcanic material. The plausibility of this theory is supported 
by much geological evidence for relatively thin near-surface Hesperian deposits overlying massive Noachian 
megabreccias on the EDITH-rich plains units. We suggest that absence of thermally distinct ejecta blankets on 
Noachian and Amazonian terrains is due to absences of distinctive near-surface layering. Thermally distinct ejecta 
blankets are excellent locations for future landers and remote sensing •cause of relatively dust free surface 
exposures of material excavated from depth. 
1. INTRODU•ON 
Ejecta blankets surround craters on many planetary and 
satellite surfaces. Lunar and Mercurian deposits have 
ballistically emplaced ejecta blankets. They appear coarse and 
disordered near the rim, then gradually thin and smooth out with 
increasing distance from the crater. Eventually, they blend into 
fields of secondary craters, rays, and the surrounding terrain 
[Shoemaker, 1962]. On Mars, in contrast, most craters larger 
than about 4 km in diameter have lobate ejecta blankets with 
rampart or convex termini. Many craters smaller than 4 km and 
a small percentage larger than 4 km have lunarlike ballistic 
ejecta morphology with radial lineations and a thin, irregular 
boundary [Strom et al., 1992]. At diameters larger than about 50 
km, radial lunarlike ejecta morphologies again dominate [Pike, 
1980; Horner and Barlow, 1988]. A small percentage of craters 
have lobate blankets with superimposed radial striae. Many 
blankets are no longer visible due to erosion or blanketing by 
later deposits• 
Formation of distinctive, relatively high relief, Martian lobate 
ejecta deposits with distinct termini was originally attributed to 
aeolian modification of lunarlike ejecta blankets [McCauley, 
1973; Amidson et al., 1976]. However, flow features evidenced 
more clearly in Viking images point toward formation by 
fluidized flow, such as shock-induced fluidization of volatiles in 
the surface materials [e.g., Cart et al., 1977; Mouginis-Mark, 
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1979; Barlow and Bradley, 1990]. Laboratory experiments 
involving impact into viscous targets have created ejecta blankets 
similar to those seen on Mars [Greeley et al., 1980; Gault and 
Greeley, 1978]. Laboratory experiments that vary atmospheric 
pressure and particle size have also reproduced some lobate 
crater morphologies [Schultz and Gault, 1979, 1984]. One of our 
motivations in studying Martian thermally distinct ejecta 
blankets in detail is to discern any additional clues to the origin 
of fluidized ejecta blankets. 
Lunar eclipse and lunar nighttime observations show that at 
least the inner regions of some younger ejecta blankets are 
thermally distinct (usually warmer than surroundings) [Shorthill, 
1972]. This is attributed to a greater preponderance of blocks. 
Newly recognized thermal anomalies associated with Martian 
ejecta blankets extend further and appear to be more complex in 
origin. 
We have used the high spatial resolution of the thermal 
infrared/visible Termoskan instrument to carry out the first 
thermal study of Martian ejecta blankets. Approximately 100 
craters within the Termoskan data have an ejecta blanket distinct 
in the thermal infrared (EDITH). To better understand these 
features, we have undertaken a threefold analysis: (1) a 
systematic examination of all Termoskan image data using high- 
resolution image processing; (2) a formal study of the systematics 
of the data by compiling and analyzing a data base consisting of 
geographic, geologic, and morphologic parameters for a 
significant fraction of the EDITHs and nearby non-ED1THs (total 
ejecta blankets 110); and (3) qualitative and quantitative 
analyses of localized regions of interest. These methods, results, 
and conclusions are presented in the remaining portions of this 
paper. 
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2. gEl'HOD OF OBSF_.RVATION AND DATA ANALYSIS 
In February and March 1989 the Termoskan instrument on 
board the Phobos '88 spacecraft of the USSR acquired a limited 
set of very high resolution simultaneous observations of the 
reflected solar flux and emitted thermal flux from Mars' 
equatorial region. These are the highest spatial resolution 
thermal data ever obtained for Mars (see Figure 1). The slightly 
overlapping panoramas cover a large portion of the equatorial 
region from 30øS latitude to 6øN latitude. 
Termoskan was a two-channel optical-mechanical scanning 
radiometer with one visible channel (0.5-1.0 mm) and one 
thermal infrared channel (8.5-12.0 ram) [Selivanov et al., 1989; 
Tcrmoskan's resolution per pixel at nadir was 1.8 km for three 
of the four panoramas acquired and 300 m for the remaining 
panorama [Selivanov et al., 1989; Murray et al., 1991]. These 
resolutions per pixel are much better than those obtained by the 
Viking infrared thermal mapper (IRTM) (approximately 5 to 170 
km, with only a small fraction of the data near 5 km/pixel). 
Because of insufficient spatial resolution, studies of Viking 
IRTM data were unable to distinguish any Martian ejecta 
blankets as thermally distinct from their surroundings (P. R. 
Christensen, personal communication, 1991). Termoskaffs 
spatial resolution is also better than that expected for Mars 
Observer's thermal emission spectrometer (TES) (3 km/pixel), 
Murray et al., 1991]. The instrument was fixed to the, although TES observations will provide spectral coverage and 2 
spacecraft, pointing in the antisolar direction. As a consequence, p.m. and 2 a.m. local time coverage of the entire planet 
all observations are at 0 ø phase angle and only daytime Thermal inertia, a bulk measure of the resistance of a unit 
observations were acquired. surface area to changes in temperature, is commonly used to 
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Fig. 1. (a) Image is from Termoskan's visible channel. (b) Image is from Termoskaffs thermal infrared channel. They were obtained 
simultaneously. Time of day is near local noon. North is top in these and all other images in this paper. Part of Vailes Marineris can 
be seen at the top of the images. In the thermal image, the darker areas are cooler and lighter areas are warmer. Phase angle is 
approximately zero for all points. The dark east-west band is the thermal signature of the passage of the shadow of Phobos. Black 
vertical lines in the visible channel image represent missing lines of data. Note the thermally distinct ejecta deposits which appear as 
bright or dark rings surrounding craters in the thermal image (examples denoted by arrows). These deposits are up to 5 K warmer or 
cooler than their surroundings. White lines indicate geologic map boundaries. Geologic units and boundaries are from Witbeck et al. 
[1991] and Scott and Tanaka [1986] with some interpolation between the two. Units shown, from oldest, are Nplr, Noachian platean 
ridged unit; Nf, Noachian fractured unit; Hr, Hesperian ridged plains material; Hsl, Hesperian Syria Planurn formation, Lower 
Member, and Hsu, Hesperian Syria Planurn formation, Upper Member (see Table 2 for more detail). Virtually all of the more than 
100 EDITHs observed are situated on Hesperian age plains near Valles Marineris (e.g., Hr, Hsu, and H0, but not on the older 
Noachian units (e.g., Nplr and Nf). EDITHs are almost exclusively associated with Hesperian age terrains throughout the data set. 
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characterize the insulating properties of planetary surfaces. It is 
defined as I = (kpc_) 1/2 where kis the thermal conductivity, p is
the density, and c is the specific heat Low inertia materials p ß 
exhibit the largest day-to-night temperature variation and the 
smallest thermal skin depths. Termoskan only obtained daytime 
observations, and generally only observed any given region once. 
Hence, accurate bolometric Bond albedo information would be 
necessary to determine absolute thermal inertias. Due to 
instrument limitations, atmospheric variations, and very limited 
phase angle viewing geometry, even approximate estimates of 
Bond albedo have thus far not yielded high confidence results 
[Murray et al., 1991; Betts, 1993]. Therefore, we use only 
relative thermal inertias and qualitative visible differences across 
craters in our analysis. 
3. PROPERTIES ASSOCIATED WITH INDIVIDUAL EDITHs 
On the Hesperian units where EDITHs are present, intensity 
profiles across different ejecta blankets vary greatly in both the 
thermal and visible channels (see Figures 2 and 3). Some of the 
blankets appear warmer than their surroundings, some appear 
cooler, and some are not thermally distinct. Some thermally 
distinct ejecta blankets appear distinct in the visible channel; 
however, others do not. 
The boundaries of EDITHs often closely follow even very 
sinuous termini of lobate ejecta blankets (e.g., see Figures 4-7). 
Thus, the thermal anomalies are strongly associated with the 
blankets themselves. Those blankets that appear thermally 
distinct show no consistent pattern of radial thermal variation 
within each blanket. Many EDITHs are quite uniform in 
temperature across a given blanket. 
Crater interiors often appear warm relative to ejecta and 
surroundings, as exemplified by the thermal profries in Figures 2 
and 3 as well as in Figure 1. In some cases this is probably due 
to low inertia material within the craters. However, in all but the 
flat floors of the largest craters one must consider the heating 
effects of slopes and of increased shadowing caused by crater 
topography. These effects are very difficult to separate from 
inertia and albedo effects without multiple observations. In this 
paper we will not comment further on the thermal signature of 
crater interiors. By contrast, slope and shadow history effects for 
ejecta blankets are much smaller due to the larger scales and 
smaller slopes involved. 
In order to search for correlations and better understand 
EDITHs, we compiled a data base of craters and their ejecta 
which includes quantitative and qualitative information (see 
Table 1) [Betts, 1993]. Our data base includes 110 craters, most 
thermally distinct but some not. This set covers all craters larger 
than 8 km in diameter and most craters larger than 5 km 
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Fig. 2. West o east Termoskan infrared (curve A) and visible (curve B) profiles across fluidized ejecta blanket and 11.4 km crater 
located at 18.4øS, 74.0øW (crater 25 in Table 1; crater C in Figures 1and 4). Note the three peaks in the temperature curve. The 
outer peaks correspond to the warm (relative to surroundings) ejecta blanket on either side of crater. The central peak corresponds to 
the warm crater interior. Note the inverse correlation between the temperature ofthe ejecm blanket and the visible signature, implying 
that in this case an albedo difference helps explain the warmer ejecta. This inverse correlation exists only in some crater profiles. The 
crater interior shows correlation between temperature and visible brightness, possibly indicating some degree of low inertia dust 
mantling in the crater interior. 
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Fig. 3. West o east Termoskan i frared (curve A) and visible (curve B) profries across fluidized ejecta blanket and 12.6 km crater 
located at 18.5øS, 88.7øW (crater 1 in Table 1; just off the western edge of Figure 1). This crater has an ejecta blanket hat is cooler 
than the surroundings. Notice the two dips in the temperature curve that correspond to the fluidized ejecta blanket. Note that for this 
crater, the visible curve shows very little correlation tothe temperature in either the ejecta blanket or crater interior. 
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1130 to 1330. The craters selected are located between 23.0øS 
and 8.0øS in latitude and 67.5øW to 90.0øW longitude. This 
area includes parts of Valles Marineris and several plains and 
ridged plains units of both Noachian and Hesperian age just 
south of Valles Marineris. This region was chosen for its many 
thermally distinct ejecta craters and its variety of geologic units. 
Many lobate ejecta craters are seen in this region in Viking 
images even down to subkilometer scales [Clifford and Duxbury, 
1988]. 
For each crater in the data base, we have cataloged 
representative average temperatures for both the ejecta (EJET in 
Table 1) and the area surrounding the ejecta (SURT). Because 
the relative precision of Termoskan is approximately 0.5 K and 
Fig. 4. Region 1 (seen also in lower right of Figure 1): Termoskan thermal 
image (bottom) and Viking visible photomosaic (top) of an interesting local 
region of study with four craters near the south rim of an old filled crater, and 
three craters to the northeast of the old crater. The craters •een outside the 
old fdled crater exhibit ejecta blankets that are significantly warmer than the 
surroundings. These all are from the group of craters observed which have 
darker albedo than the surroundings. The craters inside the old filled crater 
have ejecta blankets which are much cooler than ejecta blankets outside the 
old filled crater, but still warmer than their surroundings. The only "ejecta 
blanket" that shows no temperature difference with the surroundings (the 
southwest crater) is the only crater for which no ejecta blanket can be seen in 
Viking images. Surviving portions of the old crater rim are also darker in the 
visible channel and warmer than the surrounding terrain. Also note that the 
southeast portion of the Noachian plateau ridged unit (Nplr), which appears 
to the northwest of the old filled crater, is also darker in the visible channel 
and warmer than surrounding areas. Crater C is an excellent example of 
thermal boundaries matching ejecta boundaries. The wide thermal anomaly 
associated with the crater just NE of the large filled crater is a 
counterexample. 
(smallest, 4.2 km; largest, 90.6 km) that are located in the 
northwest and southwest Coprates subquadrangles 0VIC-18NW 
and MC-18SW) and fall within the Termoskan panoramas. 
Local time of day within this region varies from approximately 
Fig. 5. Region 2 (seen also in lower middle of Figure 1): Termoskan 
thermal image (bottom) and Viking visible photomosaic (top) of several 
nearby craters, one with a thermally distinct ejecta blanket and the others 
without. In particular, notice the two largest craters, crater A and crater B. 
Crater A is thermally distinct; crater B is not. They have similar fresh 
appearing single lobe fluidized ejecta blankets (N. G. Barlow, submitted 
report, 1987). Both craters are on the Hesperian ridged plains unit (Hr). 
Crater A (18.54øS, 81.98øW; # 11 in Table 1) has a very thermally distinct 
ejecta blanket which is approximately 3.5 K warmer than its surroundings. It
has a diameter of 11.6 km and a fiat floor pristine interior (N. G. Barlow, 
submitted report, 1987). It is also distinct in the visible channel, being 
brighter than its surroundings. Crater B (17.85øS, 82.07øW; 12 in Table 1) 
does not have a thermally distinct ejecta blanket. It has a diameter of 8.6 km 
and a central peak (Pk) interior morphology. In the visible channel its ejecta 
blanket is not very distinct, if at all, from the surroundings. There are many 
smaller craters nearby and none of them appear thermally distinct. 
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Fig. 6. Region 3: Termoskan thermal image (bottom) and Viking visible photomosaic (top) of three nearby almost aligned craters 
near the north rim of Valles Marineris (diameters 5.8 km, 10.5 km, and 9.8 km). They are centered approximately on 12.5øS, 59.3øW. 
All three craters have single lobe ejecta morphologies. All occur on the Hpl 3 unit near a boundary with the Hr (Hesperian ridged 
plains) unit as determined by Witbeck et al. [1991 ]. The largest (middle) crater is the only one of the three that does not have an 
EDITH. It also has the least fresh ejecta blanket based upon Viking images. 
the absolute accuracy is better than 3 K [Murray et al., 1991], 
we have great confidence in relative Termoskan brightness 
temperatures. In Termoskan's less accurate visible channel, we 
similarly noted representative dn (signal) values for both ejecta 
(EVIS) and the area surrounding the ejecta (SVIS). 
We developed three descriptive thermal parameters, each 
expressing a somewhat different aspect of the ejecta blankets. 
First, we assigned a subjective "thermal freshness" parameter 
(TFR in Table 1) describing qualitatively how thermally distinct 
the ejecta appears relative to the surroundings. Second, we 
calculated temperature difference (DELT) between the ejecta 
blanket and the surrounding area using our representative 
average temperature values. Third, we calculated an 
approximate time of day corrected temperature for the ejecta 
alone (ETDS), thus giving a thermal parameter that does not 
depend upon the surroundings. To remove time of day effects to 
first order, we used a one-dimensional, homogeneous, thermal 
model of the Mars surface adapted from Clifford et al. [1987]. 
From each ejecta blanket temperature, we subtracted model- 
derived temperatures for average Mars conditions (inertia 6.5 x 
10 -3 cal cm -2 K -1 s -1/2 and albedo 0.25) for the same time of day, 
season, and latitude. For comparison, we similarly subtracted 
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Fig. 7. Region 4: Termoskan thermal image (bottom) and Viking visible 
photomosaic (top) that include the four clearly distinct EDITHs (designated 
by arrows) of panorama 4. The four EDITHs are approximately centered 
upon 11.5øS, 197.0øW and are spaced over approximately 150 km. Older 
highland materials appear to the south (bottom), and younger lowland 
material to the north. EDITHs all lie near the boundary on lowland terrains 
(1 and 2 on Hpl 3, 3 on either Hpl 3 or Apk, 4 on Apk, using Greeley and 
Guest [1987]). Notice also the exposed crater rim of a buried crater near 
EDITH 2 (see text). 
model temperatures from surrounding temperatures (STDS). We 
looked for correlations between each of the three thermal ejecta 
parameters (TFR, DELT, and ETDS) and the other parameters in 
our data base. 
Our three descriptive thermal ejecta parameters howed no 
correlation with most of the parameters_ tested. Within the data 
base as a whole, there are no correlations between temperature 
difference, time of day corrected ejecta temperature, or thermal 
freshness with any of the following: crater diameter, ejecta 
morphology, interior morphology, existence of central pits, 
longitude, ratio of ejecta diameter to crater diameter, or time of 
day. The 1ø x 1 o binned albedo, 2 ø x 2 ø binned inertia, and 1ø x 
1ø binned elevation roughly correlate with time of day corrected 
ejecta temperature on the higher elevation Hsu (Syria Planum 
Formation, Upper Member) areas but not elsewhere (see Table 2 
for unit descriptions). These relationships unique to Hsu are 
discussed below under section 4. 
We present the following conclusions and observations based 
upon our systematic examination of individual EDITHs in the 
Termoskan data set. 
1. On the plains where EDITHs occur, there cannot be 
uniform blanketing of depth greater than a very few centimeters 
by material younger than the craters. Otherwise, ejecta blankets 
would not be thermally distinct. 
2. In regions with EDITHs there are varying degrees of ejecta 
blanket degradation at Viking Orbiter camera resolutions. 
Because there has not been significant blanketing in these 
regions (based upon conclusion #1), this degradation is probably 
due to erosion, not deposition. 
3. Some thermally distinct ejecta blankets appear distinct in 
the visible channel as well, implying albedo differences and 
probable surficial compositional differences with the 
surroundings. Many EDITHs are not visibly distinct, however, 
leaving textural differences (thermal inertia) as the cause. 
4. The thermally distinct nature of EDITHs must be due to the 
primary ejecta formation process. Two related observations lead 
us to this conclusion. First, many thermally distinct areas are 
associated with areas surrounding craters. Second, many of the 
boundaries of these thermally distinct areas closely follow the 
termini of ejecta blankets. The dependence of the thermally 
distinct nature of EDITHs upon the primary ejecta formation 
process may be direct or indirect. Direct influence would result 
from either compositional or textural effects of the ejecta 
material itself. An example of indirect influence would be 
preferential secondary deposition of low-inertia material on the 
blankets due to increased roughness. 
5. EDITHs are therefore strongly coupled with surface 
morphology, including those EDYI•s that have different thermal 
inertia than their surroundings. This is significant because most 
sharp thermal inertia contrasts on Mars are decoupled from 
morphology. 
6. Presence of ejecta blankets alone does not imply the 
presence of EDITHs. There are many visibly discernible ejecta 
blankets on Noachian, Hesperian, and Amazonian aged units that 
do not have EDITHs. At Viking camera resolutions, there are 
non-EDITH craters that look like EDITH craters. Also, they 
cover similar size ranges. Furthermore, existence of a lobate 
ejecta blanket does not imply the existence of an EDITH (only 
50% of the lobate ejecta blankets on Hesperian terrains are 
thermally distinct). However, lobate morphology may be 
required for EDITHs. We cannot yet conf'Lrm this because of the 
absence of any other distinctive ejecta morphology on terrains 
where EDITHs were observed. Nevertheless, all EDITHs 
associated with discernible ejecta blankets are associated with 
fluidized, lobate ejecta blankets. Thffty percent of the craters 
classified by N. G. Barlow (Catalog of large Martian impact 
craters, submitted as NASA Contractor Report, 1987; hereinafter 
referred to as submitted report, 1987) as having non-discernible 
ejecta blankets have thermally distinct "ejecta blankets." Thus, 
these ejecta may or may not show lobate morphologies at higher 
resolution, and/or they may be partially eroded. 
7. The absence of correlations between any of our three 
temperature parameters and ejecta morphology (single, double, 
or multiple lobes) implies that any physical differences between 
different fluidized ejecta morphologies are not capable of causing 
consistent thermal differences. 
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Unit 
Apk 
, TABLE 2. Description fOeolol•ic Map Units 
Name and Interpretation 
Knobby plains material-Probably of diverse origins but appears to have formed mainly by erosion of older units. Knobs are probably 
erosional remnants but some may be volcanic. Intervening plains may be erosional surfaces or may consist of eolian, mass-wasted, or 
volcanic materials. 
Hsu Syria Planum formation, Upper member-Lava flows of Syria Planum; erupted from summit area of Syria Planum and from local 
œracmres. 
Hsl Syria Planum formation, Lower member-Similar to upper member but more highly cratered and faulted. 
Hpl 3 Plateau sequence, Smooth unit-Probably a complex ofeolian, volcanic and alluvial materials. 
Hf Highly deformed terrain materials, Younger fractured material-Probably ava flows. Faults caused by crustal extension; collapse 
depressions formed by withdrawal of subsurface water or ice. Modified ridged plains material at Nia Fossae (Note: Nia Fossae is the 
part of this unit that has EDITHs and includes the portion shown in Fig. 1.) 
Hr Ridged plains material-Low-viscosity lava flows; source fissures possibly buried. Ridges may be tectonic or volcanic features. 
Npl 2 Plateau sequence, Subdued cratered unit-Dominantly lava flows and eolian material; in "Laden basin" possibly flood plain deposits 
from Laden Valles. 
Nf Highly deformed terrain materials, Older fractured material-Probably impact breccia and volcanic materials. 
Nplr Plateau sequence, Ridged unit-Lava flows erupted from local fractures; ridged produced by volcanic and tectonic processes. 
Npl 1 Plateau sequence, Cratered unit-Volcanic materials and impact breccia emplaced during heavy impact bombardment; channels of
probable fluvial origin. 
Units listed approximately from youngest o oldest, although some are contemporaneous. First letter unit designations imply time-stratigraphic 
system: A, Amazonian; H, Hesperian; N, Noachian. All units were established by Scott and Tanaka [ 1986] and all interpretations by Witbeck et al. 
[ 1991] except for Apk unit and interpretation by Greeley and Guest [1987]. 
4. TERRAIN DEPENDENCIES 
Virtually all of the more than 100 EDITHs seen in the 
Termoskan data are located on Hesperian age plains that 
surround much of Valles Marineris. This region was observed in 
the third of the four Termoskan panoramas with a resolution of 
about 1.8 km/pixel. The other three panoramas primarily 
observed very old (Noachian age) intercrater plains and cratered 
highland units. Figure 8 shows the coverage of each of the 
panoramas overlain on a simplified low-resolution geologic map 
of Mars. 
There is a startlingly clear correlation of EDITH existence 
with terrains of Hesperian age, implying spatial or temporal 
dependence on Hesperian terrains. This is the strongest 
correlation between EDITHs and any other parameter. EDITHs 
are present on all the Hesperian age units observed by 
Termoskan. As exemplified by Figure 1, almost no EDITHs are 
associated with any of the thousands of craters within the data set 
that occur on the older Noachian units, except five EDITHs 
clustered near a high contrast albedo boundary in Sinus 
Meridiani. These five may be the consequence of a very 
distinctive localized aeolian albedo effect, probably unlike most 
other EDITHs. Thermally distinct ejecta blankets do not appear 
on the portions of the younger Tharsis Amazonian units seen in 
the data. Only four clear thermally distinct ejecta blankets are 
seen in panorama 4 and these occur on Hesperian to Amazonian 
age lowland material near the highland-lowland boundary (see 
region 4 in section 6). They also occur infrequently and weakly 
on Amazonian units within Valles Marineris. 
Although more subtle than the Hesperian terrain dependence, 
there are also terrain dependent correlations on the relatively 
high elevation Hesperian Syria Planurn Upper Member (Hsu) 
unit, but not on the adjacent Hesperian ridged (Hr) unit. These 
are the two primary EDITH bearing terrains within our data base. 
Correlations and observations of EDITHs that occur on Hsu but 
not on Hr include the following. (1) All EDITHs on Hsu, with 
one exception, have ejecta blankets that are cooler than the 
surroundings. (2) Time of day corrected ejecta temperature 
shows strong correlation with time of day corrected temperature 
of the surroundings. The temperature difference (ejecta - 
surroundings) of the Hsu craters varies little (in general less than 
2 K) even when the absolute temperatures of the surroundings 
change significantly (approximately 10 K). Therefore, ejecta 
temperature has a consistent dependence upon the surrounding 
temperature. (3) Time of day corrected ejecta temperature and 
time of day corrected temperature of the surroundings show some 
correlations with elevation and latitude. These correlations occur 
because levation and latitude in the data base region correlate 
with inertia, albedo, and each other. Inertias decrease and 
albedos increase with higher elevation on Hsu, causing higher 
midday temperatures. 
We believe that these correlations, which appear on Hsu but 
not on Hr, arise from increased dust mantling on the higher 
elevation Hsu unit, rather than from a bedrock geologic unit 
variation. Increased dust mantling is consistent with the lower 
inertias and higher albedos of the Hsu unit. Inertia ranges from 5 
to 6 above 6500 m (elevations that occur primarily on Hsu and 
range up to 9000 m) and from 6 to 8.5 below 6500 m. The Hsu 
area is near the edge of the Tharsis low inertia region which has 
been proposed to have a dust covering and to be an area of dust 
deposition [Kieffer et al., 1977; Zimbelman and Kieffer, 1979; 
Palluconi and Kieffer, 1981; Christensen, 1986], but still an area 
with some exposed rocks [Christensen, 1982, 1983]. The high 
elevation regions within our data base have higher inertia (5 as 
opposed to 2 or 3 in units of 10 -3 cal cm -2 K -1 s 1/2) than Tharsis; 
however, the Hsu albedo and inertia still probably imply at least 
some dust mantling, and more than elsewhere within the data 
base. It would be difficult for an ejecta related mechanism, 
either primary or secondary, to cause higher brightness 
temperatures than already occur on this dust manfled region. An 
increased thickness of dust manfie on both ejecta and 
surroundings also would help explain the observed reduced 
temperature difference between surroundings and ejecta. The 
ejecta still appear thermally distinct either because of differences 
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in the blocks poking through the dust layer or thermal differences 
showing through a thin dust layer. 
5. A I.•YE•G EXPLANATION 
We postulate that most of the observed EDITHs are due to 
excavation of thermally distinctive Noachian age material from 
beneath a relatively thin layer of younger, more consolidated 
Hesperian volcanic material. The plausibility of this theory is 
supported by much geological evidence for the EDITH-rich 
plains units having relatively thin near-surface Hesperian 
deposits overlying massive Noachian megabreccias. We suggest 
that absence of thermally distinct ejecta blankets on Noachian 
and Amazonian terrains is due to absences of distinctive near- 
surface layering. 
Layering is in general important b determining ejecta blanket 
characteristics [Oberbeck and QuaMe, 1968; Head, 1976; De 
Hon, 1980; Pike, 1980; Greeley et al., 1982; Horner and Greeley, 
1987; Barlow and Bradley, 1990], and thus it would not be 
surprising if it were also involved with EDrFI-Is. The simplest 
form of our layering explanation is a two-layer model (see Figure 
9a). The top layer (layer 1) is a relatively thin (hundreds of 
meters) Hesperian age unit consisting primarily of lavas which 
were probably emplaced as a series of low-viscosity flows. The 
lower layer (layer 2) is a massive Noachian layer believed to 
consist of impact breccia. 
The majority of EDITHs observed occur on the layered 
Hesperian plains surrounding Valles Marineris. Indeed, layering 
in the walls of Valles Marineris, observable in Viking camera 
images and now also in Termoskan thermal images, is a first- 
order observation of layering in this region. In addition, the 
geologic plausibility of our layered model is supported by many 
lines of evidence in this region for very few hundred meter thick 
[De Hon, 1985; Frey and Grant, 1989; Frey and Grant, 1990] 
Hesperian lavas overlying a mechanically weak, Noachian 
megaregolith layer (our layer 2) [Tanaka and Chapman, 1992; 
Davis and Golombek, 1990; Robinson and Tanaka, 1988; 
MacKinnon and Tanaka, 1989]. An approximate megaregolith 
thickness of 2 to 3 km is suggested [Fanale, 1976; Woronow, 
1988; MacKinnon and Tanaka, 1989; Soderblom and Wenner, 
1978; Davis and Golombek, 1990]. Horner and Greeley [1987] 
used a two-layer model very similar to ours in this region to 
explain the increase in crater complexity with decreasing 
thickness of the Hr unit. They proposed that some property of 
the lower layer (e.g., increased fracturing during impact or 
increased volatile content) caused the greater complexity. 
Likewise, we propose that some physical property of our lower 
layer causes thermally distinct ejecta blankets. 
How does material from layer 2 end up on the surface of an 
ejecta blanket? Ballistic ejection will invert stratigraphy near the 
rim of the crater [Roddy, 1977; Stoffier et al., 1975] and cover 
most of the blanket further out with shallow derived material 
[Horz et al., 1983]. Thus, a sufficienfiy large impact will cause 
layer 2 material to overlie layer i material near the rim of the 
crater. Preliminary modeling (B. Ivanov, personal 
communication, 1992) of fluidized ejecta blanket emplacement 
on Mars suggests that the layer 2 material may then flow over 
much of the rest of the ejecta blanket (see Figure 9b). 
EDITHs may directly be the result of inertia and/or albedo 
differences between layer 2 ejecta material and the surrounding 
layer 1 material. For example, either pumicelike blocks or very 
fragmented material from layer 2 could cause the ejecta blanket 
to have a lower inertia than the layer I surroundings. 
Alternatively, current thermal differences may result from 
secondary processes uch as aeolian deposition or some kind of 
alteration preferentially acting upon the layer 2 surface. These 
processes may alter thermal inertia or albedo. In any case, we 
propose that some property of the layer 2 (Noachian) material 
causes the eventual thermal contrast with the layer 1 (Hesperian) 
surroundings. 
We attribute the absence of EDITHs on the majority of 
Noachian and Amazonian terrains to a lack of distinctive near 
surface layering. Noachian terrains would have layer 2 type 
material on the surface before a given impact. Thus, the impact 
would eject material that is sufficiently similar to the 
surroundings that over time they will be thermally 
indistinguishable. 
The observed absence of EDITHs on the majority of 
Amazonian units is probably due to the thickness of the terrains 
which happened to be observed. Most of the Amazonian units 
observed by Termoskan are central Tharsis volcanics in the Arsia 
Mons region. Assuming at least a 2 to 3 km thickness for this 
region [Plescia and Saunders, 1980], the small-diameter 
Amazonian crater population probably would not have excavated 
any of the material (possible megaregolith) underlying the 
Tharsis lavas. Instead these impacts likely excavated only lava 
materially, physically, and thermally similar to the lava already 
at the surface. 
We note that more than two layers may sometimes play a role 
in EDITH formation, particularly albedo layers, as hinted at by 
the occurrence of different albedo layers in some Kasei Valles 
locations [Baker and Milton, 1974; Scott, 1991], although not in 
others [Tanaka and Chapman, 1992]. In any case, we find that a 
layering hypothesis is geologically plausible and explains the 
vast majority of EDITHs (though a few percent require more 
complex explanations). In the next section we evaluate some 
localized regions in light of this theory. 
6. INTERPRETATION OF LOCAI.T77F. D REGIONS OF STUDY 
We studied four localized regions in greater detail. Figure 4 
shows and describes region 1, which includes four craters near 
the south rim of an old filled crater and three craters to the 
northeast of the old crater. The following explanation of the 
thermal observations is consistent with our overall layering 
theory. Impacts outside the larger filled crater formed ejecta 
Layer 2 
(•) 
Fig. 9. (a) Schematic of our layering model before impact. Layer 1 is a 
relatively thin layer of consolidated Hesperian lavas. Layer 2 is comprised of 
massive Noachian megabreccia. (b) Postimpact view of a fluidized lobate 
EDITH. Vertical relief of the ejecta blanket is exaggerated. Note the layer 2 
material through ballistic ejection and fluidized flow has covered most of the 
layer 1 ejecta material and contrasts thermally with the layer 1 surroundings. 
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blanket surfaces from (layer 2) Noachian material that originated 
in undisturbed layers beneath a thin layer of Hesperian cover. 
Due to a presumably thicker Hesperian layer filling the old 
crater, the impacts inside the old crater rim ejected less of the 
layer 2 material. Thus, these ejecta blankets are cooler than the 
blankets outside the old rim, but still distinct and warmer than 
their surroundings. In this interpretation, the layer 2 material has 
lower albedo. The old crater rim material and the Noachian 
material to the northwest may be made of the same layer 2 
material. 
For this region alone, we could not rule out an alternate theory 
of preferential trapping of secondary aeolian material due to 
localized roughness. Darker aeolian material could have been 
preferentially trapped by the ejecta blankets, crater rim, and 
Noachian material due to increased roughness. The blankets 
inside the crater rim may be different because less of the material 
that is being preferentially trapped by the rim makes it past the 
rim. Alternatively, the blankets inside the old r'un may have a 
different degree of roughness than those outside the crater rim. 
Roughness differences could, however, primarily depend on the 
excavation of a different lower layer. Preexisting or impact 
induced roughness may also have caused the wide thermal 
anomaly associated with the crater to the NE of the large filled 
crater; however, the exact cause of the extent of this anomaly 
remains unclear. 
Our second localized region of study includes everal nearby 
craters, one with a thermally distinct ejecta blanket and the other 
seven without. Of particular interest are the two largest nearby 
craters. The larger has thermally distinct ejecta (labeled crater A 
in Figure 5), the other does not (crater B in Figure 5). Degree of 
freshness does not seem to explain the thermal differences. We 
infer that the largest crater (11.6 km) was the only one in this 
region that excavated eep enough to reach a physically different 
layer beneath the Hesperian surface layer. The juxtaposition of
these and other similar EDITH/non-EDITH crater pairs (see also 
region 3 below) implies that neither local wind patterns nor local 
availability of aeolian material is sufficient on their own to 
explain EDITH observations. 
Our third localized region of study (Figure 6) is an area on the 
north rim of Valles Marineris where there are three nearby 
craters of roughly similar sizes (9.8 km, 10.5 km, and 5.8 km). 
The largest and "middle" crater is the only one of the three that 
does not have a thermally distinct ejecta blanket. Thus, 
excavation of a single lower layer is not alone a sufficient 
explanation. The middle crater shows the least fresh 
(presumably oldest) ejecta blanket. Erosional or depositional 
effects probably removed any thermal distinctiveness. 
Our fourth region of study involves the only four clear ED1THs 
in panorama 4 (see Figure 7). All of the EDITHs lie on lowland 
terrains very near the highland-lowland boundary. Two EDITHs 
(labeled 1 and 2) are situated on a small exposure of Hpl 3, a 
smooth Hesperian unit (see Table 2 for unit descriptions). Based 
upon exposed rims of buried craters, this unit is thin (a very few 
hundreds of meters). It is embayed primarily by older Noachian 
(highland) material (unit Npl 1), implying that he thin Hesperian 
layering overlies the Noachian unit. Craters 3 and 4 lie on 
Hesperian and Amazonian terrain near the boundary with the 
Npl 1 unit. Thus, these four EDITHs are consistent with our 
layering theory, excavating materially different Noachian 
material from beneath a thin younger (Hesperian or Amazonian) 
cover. EDITHs are not observed further from the highland- 
lowland boundary presumably because of an increasing thickness 
of Amazonian deposits. Note that EDITH number 4 is somewhat 
anomalous relative to most EDIIIts. Most EDITHs that are 
cooler than surroundings are visibly brighter or not visibly 
distinct. In contrast, EDITH number 4 is both cooler and visibly 
darker than the surroundings. Thus (because of the near midday 
conditions) this EDITH definitely has a higher inertia than the 
surroundings. 
7. ALTEPuNATE DITH HYPOTHF. SES 
Next, we critique several alternatives to our layering theory 
and show that most of them are unable to explain adequately the 
presence of EDITHs. 
The Hesperian terrain dependence of EDITHs cannot be 
explained by either atmospheric or impactor conditions. 
Noachian and Hesperian terrains must have experienced 
identical atmospheric and impactor conditions during Hesperian 
times. In addition, the absence of correlations with elevation 
within the entire data base suggests that EDITH variations are 
not the result of elevation dependent atmospheric pressure 
variations. EDITHs must therefore be dependent upon target 
material and/or distinctive secondary modification of Hesperian 
terrains. 
One possible significant target material property is variation in 
volatiles. Subsurface volatiles are thought o influence formation 
of lobate ejecta blankets. The Noachian terrains in our study 
region near Valles Marineris exhibit similar percentages and 
morphologies of lobate blankets as the Hesperian units. Also, 
lobate blankets appear on many of the Noachian terrains seen 
elsewhere within the Termoskan data. Thus, neither the 
presence nor the variability of lobate blankets explains the 
Hesperian EDITH correlation. The ratio of ejecta diameter to 
crater diameter is thought by several authors to be a measure of 
the amount of volatiles in the original target material [e.g., 
Mouginis-Mark, 1979; Kuzmin et al., 1988]. Thus, the absence 
of correlations with this ratio may indicate that neither the degree 
of fluidization, nor the amount of original volatiles play major 
roles in EDITH variability. Central pits are also thought by some 
to be related to volatiles in the target material [Rossbacher and 
Judson, 1981], yet there are no correlations between central pits 
and EDITHs. 
Crater diameter is thought o be correlated with depth of 
excavation. Thus, the lack of correlations with crater size 
indicates that excavations of different material underlying a 
surface layer of uniform thickness cannot alone explain EDITH 
variations. However, this does not preclude a variable thickness 
layered theory, which is more realistic for this region anyway 
[e.g., De Hon, 1985], nor one that introduces econdary effects 
such as age. 
Certain processes are inadequate to explain overall EDITH 
variations but may be secondary influences. For example, 
proximity of EDITH/non-EDITH pairs (e.g., region 2 and region 
3) rules out local wind patterns and local availability of aeolian 
material as first-order effects, though not necessarily as second- 
order effects. Another example is ejecta freshness (age related 
alteration) which is similarly unsatisfactory as an overall 
explanation. Many degrees of freshness (as determined by 
sharpness and distinctiveness in Viking camera images) are 
observed on Noachian terrains which do not have EDITHs. Even 
on Hesperian terrains alone, freshness seems incapable of 
explaining all observations (e.g., region 2). Freshness does, 
however, probably function as an important second-order 
influence (e.g., regions 1 and 3). 
Variations in maturity of a duricrust (i.e., degree of bonding of 
a case-hardened crust) were suggested by Jakosky and 
Christensen [1986] to explain most of the low-resolution thermal 
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inertia variations on Mars. Duricrust variations are not, 
however, adequate for explaining the higher resolution EDITHs 
for the following reasons. First, there is no reason duricmst 
formation should be related to albedo as some EDITHs are. 
Second, one would expect younger, and thus less mature, ejecta 
duricmsts to have lower inertia than their surroundings. 
However, both lower and higher inertia EDITHs are observed. 
Third, lakoslcy and Christensefts proposed time scale for 
duricrust formation (105 - 106 years) is too short o explain 
EDITHs. 
Physical change in ejecta material due to the impact process 
cannot explain Hesperian EDITH variations for two reasons. 
First, EDITHs are not associated with all ejecta blankets. 
Second, there is no correlation of EDITHs with impact energy as 
evidenced by crater sizes. However, preferential physical change 
in some ejecta material due to impact could result from layering. 
If one layer, when impacted, metamorphoses or welds more 
easily than another layer, this difference between layers may 
manifest itself as a long-term thermal inertia difference. 
One alternate hypothesis that we considered thoroughly and 
did not rule out entirely presumes the Hesperian plains to be 
smoother than the Noachian plains at a (small) scale important o 
clastic particle trapping. They appear this way at Viking camera 
resolutions (of order 100 m on average). The increased Noachian 
roughness may be due to some age-related factor, such as impact 
brecciation or other alteration processes. If this is the case, 
aeolian particles may saltate across the smooth Hesperian units, 
only being trapped upon rough areas such as ejecta blankets. In 
contrast, the rougher Noachian terrain may trap saltating material 
everywhere, not just on ejecta blankets. There are various 
difficulties with this hypothesis. To explain EDiTHs near non- 
EDITHs, this theory must rely more heavily than a layering 
theory on factors such as freshness of ejecta blankets. Also, this 
theory does not have the layering advantage for explaining the 
lack of EDITHs on thick Amazonian terrains or the occurrence of 
Amazonian EDITHs only near the highland-lowland boundary. 
Presuming that the Amazonian terrains are also rougher than the 
Hesperian terrains is inconsistent with Viking imaging resolution 
observations and with age correlated roughness development. 
A second alternate hypothesis we considered seriously is that 
the Noachian unit intrinsically has more material available for 
local redeposition. Barlow [1990] finds that erosion on Mars 
decreased rastically at the end of the Noachian period, and has 
probably remained relatively constant at very low rates since that 
time. Hesperian terrains probably experienced little erosion. In 
contrast, erosion on Noachian terrains during the Noachian 
period may have produced ubiquitous sand sized particles. 
These particles were then available via saltation and creep to 
blanket ejecta and obscure its thermal signature over time. The 
Hesperian terrains may look more like Viking Lander sites, i.e., 
not exhibiting a true regolith, whereas the Noachian terrain may 
better resemble a true regolith, similar to the lunar surface. Like 
the Noachian roughness hypothesis discussed above, the 
Noachian redepositional material hypothesis also has difficulties 
explaining the lack of EDITHs on Amazonian units. Amazonian 
terrains should have less erosional products and less developed 
regolith than Hesperian terrains. Thus, although we cannot 
firmly rule out either of these last two alternate hypotheses, we 
believe they are much less plausible than our layering 
hypothesis. 
8. CONCLUSIONS 
In conclusion, we postulate that EDITHs exist on Hesperian 
units near Valles Marineris because of impact excavation into a 
thick, more fragmented, materially different Noachian layer 
beneath a relatively thin layer or layers of Hesperian volcanic 
material. We also postulate that EDITH variations are primarily 
controlled by the degree of excavation of the Noachian layer. 
However, secondary effects such as degree of erosion of the 
blankets or local availability of aeolian material probably cause 
some thermal variations. The thermally distinct nature of the 
blankets probably results from the ejecta itself, or possibly from 
secondary aeolian deposits preferentially trapped on the blankets. 
Our layering theory predicts that ED1THs will not generally 
occur at small crater sizes except where very thin layering exists. 
The importance that a brecciated layer has for EDITHs leads 
to speculation whether this layer is also important for explaining 
the uniquely Martian phenomenon of fluidized ejecta blankets. 
Brecciated material will flow more easily than nonbrecciated 
material. In addition, the breccias' porosity and their origin in 
what may have been more water-rich Noachian times could have 
led to ice presence (as suggested by Tanaka and Chapman 
[1992]). The possible importance of such a Noachian brecciated 
layer to explaining why fluidized ejecta blankets occur so 
frequently on Mars and so rarely on other bodies is the subject of 
work in progress. 
9. • MISSIONS/RESEARCH 
EDITHs must be relatively mantle free and exhibit material 
ejected from depth. Thus, the surfaces of EDITHs are attractive 
sites for refined observations because these relatively pristine 
surfaces may offer important clues to understanding fluidized 
ejecta blankets, the Martian subsurface, and subsurface volatiles. 
Mars Observer (MO) will provide an opportunity to observe 
ejecta blankets on Mars in greater detail with the thermal 
emission spectrometer (TES), the pressure modulated infrared 
radiometer (PMIRR), the Mars Observer camera (MOC), and the 
Mars Observer laser altimeter (MOLA). 
TES will have similar resolution (3 km/pixel) to the 
Termoskan panoramas used in our analyses, but greater 
sensitivity and medium resolution infrared emission 
spectroscopy. TES will facilitate expansion of our EDITH 
analysis in many ways: testing whether EDITH terrain 
dependencies hold on a global scale, providing much greater 
diurnal and seasonal coverage, providing accurate determination 
of the relative importance of inertia versus albedo for ED1THs, 
and allowing us to look for spectroscopic differences between 
ejecta and surroundings. In addition, TES's spectroscopic 
measurements can check for increased minerals of hydrafion that 
might be expected from volatile-rich emplacement mechanisms. 
Using methods similar to those used by Christensen [1982, 
1983], TES data will also facilitate looking for variations in 
percentage of rocks and fine component inertia between ejecta 
blankets and surroundings, between different ejecta blankets, 
and within each ejecta blanket. Results should indicate whether 
variations in the fine component inertia or the percentage of 
blocks are more responsible for the EDITH variations observed. 
In addition, preferential trapping of certain sized particles can be 
tested by looking at variations in fine component inertias. Also, 
if albedo, block percentages, or fine component inertia are seen 
to vary with time, then we will be led towards aeolian processes 
contributing to EDITH variations. 
PMIRR, with somewhat worse spatial resolution than TES, 
will standardly take nadir thermal observations and obtain 
surface temperatures, albedos, and inertias. PM[RR will, 
however, have detailed simultaneous atmospheric information 
different from that obtained by TES, which will aid in 
atmospheric orrections to albedo and inertia. 
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MOC's maximum resolution of 1.4 meters/pixel resolution will 
facilitate the best ever study of ejects blanket surface detail and 
horizontal structure. Study of EDITHs will ensure study of more 
pristine ejects blanket surfaces. MOC will be able to detect 
block albedo differences between ejecta and surroundings for 
very large blocks. MOC observations of ED1THs also may help 
to test the role of volstiles in the fluidized ejecta eraplacement 
mechanism. Observed presence of devolatilizafion features 
would imply that volstiles were important in the fluidized ejects 
emplacement mechanism [Mouginis-Mark, 1987]. MOC data 
will also constrain the mechanics of fluidized cjccta flow by 
showing in detail possible flow-related surface features such as 
striations, ridges, and the size distribution of large boulders. 
MOLA profiles, with a vertical precision of about 2 m and 
horizontal resolution of 165 m, will provide detailed vertical 
structural information about ED1THs. Such profile information 
will be very important for constraining mechanical models of 
fluidized ejecta flow. In addition, signal shape will give 
information about the small scale surface roughness of the 
blankets. 
Termoskan 2 planned for Mars '94 is expected to increase 
spatial resolution another order of magnitude from most of the 
Termoskan 1 data. The high spatial resolution will enable study 
of more small craters to test the prediction that these small 
craters should not have ED1THs except on very thin Hesperian or 
possibly Amazonian units. 
Finally, we note that EDITHs also may be excellent argets for 
future landers because EDITHs are not significantly mantied, and 
material ejected from depth is exposed at the surface. 
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